Flanking DNA regions of the fimbrilin gene (designatedfimA), which encodes the major subunit protein of Porphyromonas (Bacteroides) gingivalis fimbriae, were cloned in several manners from the P. gingivalis chromosome into Escherichia coli by screening with probes derived from a 2.5-kb Sacl DNA fragment previously cloned. A total of 10.4 kb of DNA fragments from the P. gingivalis genome was cloned in the pUC plasmid. Expression of the fim4 gene and possible flanking genes in the fragments cloned was examined in a pUC plasmid vector system and in a bacteriophage T7 RNA polymerase-promoter expression vector system.
Porphyromonas (Bacteroides) gingivalis is a gram-negative oral anaerobe thought to be one of the most prominent periodontopathogens (19, 35, 36) . It has several characteristics of an overtly pathogenic bacterium (9) ; for example, the organism has unique fimbriae and hemagglutinin, regarded as host attachment factors.
Although the adhesive function of P. gingivalis fimbriae has yet to be established, the fimbriae (51, 52) and hemagglutinin (11, 26, 30) reported to date are considered to be physically distinct (22, 25) . The majority of P. gingivalis strains are fimbriate (38) , and almost all of the strains have the fimA gene encoding the fimbrilin (FimA), the major fimbrial subunit protein of fimbriae (40) . Circumstantial evidence (7, 27, 28, 49) has accumulated to indicate that P. gingivalis fimbriae are important as an antigen in host immunoresponses during periodontal disease. Taken to-gether, these data suggest that P. gingivalis fimbriae may have an important role in host-parasite interactions in periodontal disease. To elucidate their function and to utilize them efficiently in clinical studies, molecular genetic studies on fimbriation are needed.
Little is known about the nature and molecular organization of genes involved in fimbrial morphogenesis and function in P. gingivalis. Unfortunately, there are presently no established cloning systems or shuttle vectors available for P. gingivalis that would allow a direct analysis of the genes involved in fimbriation. Although the fimA gene has been cloned in Escherichia coli and sequenced (6, 43) , the 2.5-kb SacI DNA fragment carrying fimA does not express detectable levels of fimbrilin protein or mRNA from an endogenous promoter in Escherichia coli (47a) .
Studies on several types of E. coli fimbriae have shown that the fimbrial subunit and adhesin are genetically separable and that the adhesive function is likely to be carried on a protein distinct from the major fimbrial subunit (1, 32, 42) . Analysis of fimbriation in several organisms has indicated that genes involved in fimbrial morphogenesis, including the subunit and adhesin, are genetically organized into clusters (2, 3, 12, 13, 21, 31) . Since no data prove FimA to be an adhesin, there may be a minor proteinaceous adhesin on the (8, 15, 24, 37, 44) . Overexpression of encoded proteins also allows the cellular localization to be examined (24, 44) . Recently, Muller et al. (23) used transcription driven by a T7 promoter to analyze flanking genes involved in the production of mature fimbrial subunit protein from Salmonella enteritidis. Research in our laboratories has been directed to the elucidation of the mechanisms and the whole gene structure responsible for fimbriation in P. gingivalis. In this article, we show that the T7 RNA polymerase-promoter system can be used to overexpress P. gingivalis genes and discuss at least two genes downstream from fimA and localization of their products as an initial step. Part of this work has been reviewed recently (47, 50) .
MATERIALS AND METHODS
Bacterial strains, plasmids, and growth conditions. Bacterial strains and plasmids used and recombinants constructed in this study are listed in Tables 1 and 2 (33, 45 7 .4], 0.5 M NaCl) buffer containing 3% bovine serum albumin and lysozyme (40 ,ug/ml) to remove unbound cell debris. The filters were washed three times with TBS buffer containing 0.05% Tween 20 and immunochemically stained by using enzyme-linked antibody as described below in the section on Western blotting (immunoblotting) analysis.
Preparation of bacterial extracts and separation of soluble and insoluble protein fractions from the extracts. Bacterial cells, gently washed once with 10 mM Tris-HCl (pH 7.4) and 0.15 M NaCl, were suspended in 5 mM Tris-HCl (pH 8.0), and the cell suspension was sonicated until it became transparent by using the probe of a Tomy Seiko (Tokyo, Japan) UD-200 sonicator with 5 to 10 1-min bursts at 0°C. Wholecell extracts were obtained as supernatant after unbroken cells were removed by centrifugation at 1,000 x g for 10 min. The cell extracts were separated to soluble (supernatant) and envelope (pellet) fractions by ultracentrifugation at 143,000
x g for 60 min.
Purification of gene products, amino-terminal amino acid sequencing, and preparation of antibodies against them.
Whole envelopes were obtained as sediments after centrifugation of homogenate at 143,000 x g for 60 min. The envelopes were extracted with 10 mM Tris-HCl (pH 7.4) containing 1% Triton X-100 and then centrifuged at 143,000
x g for 60 min. The resulting sediment was extracted with 10 mM Tris-HCl (pH 8.0) containing 1% SDS and 1 mM EDTA at room temperature and then centrifuged at 143,000 x g for 60 min. The gene products were fractionated on a gel filtration column, and the fractionated proteins, which were concentrated with Ficoll 400, were purified by preparative SDS-polyacrylamide gel electrophoresis (SDS-PAGE) as described previously (5). An Applied Biosystems 470A sequencer equipped with a 130A separation system as a PTH-amino acid analyzer was used for the automatic aminoterminal amino acid sequencing. Antibodies were raised in rabbits against the purified gene products as described previously (51) .
SDS-PAGE and Western blotting analysis. SDS-PAGE was performed in a 1.0-mm-thick slab gel as described by Lutenberg et al. (17) . Western immunoblotting analysis was carried out essentially as described earlier (41) except that a TransBlot cell with a cooling coil (Bio-Rad Laboratories) was used at 6 V/cm overnight (38) . The samples were heated with SDS at 100°C for 5 min in the presence of 2-mercaptoethanol unless otherwise specified. Analytical methods. The amount of protein was determined by the method of Lowry et al. (16) , with bovine serum albumin as the standard. The protein content of induced proteins in bacterial fractions was estimated by the scanning of stained SDS-polyacrylamide gels with a Shimadzu CS-930 dual-wavelength scanner.
RESULTS
Cloning of a HindIII DNA fragment carryingfimA and PstI fragments carrying upstream and downstream regions of the gene. As described previously, we have cloned thefimA gene from P. gingivalis, which encodes fimbrilin, a major subunit protein of P. gingivalis fimbriae, as a 2.5-kb Sacl genomic DNA fragment in pUC13 (6) . Although the gene has been sequenced and characterized, the clone carrying a recombinant plasmid (designated pUC13Bg12.1) did not produce any immunoreactive protein detectable with a specific antifimbrilin serum (unpublished data). To facilitate studies on the process of fimbriation in P. gingivalis, we aimed to clone upstream and downstream DNA regions offimA as well as to obtain recombinants expressing gene products. The middle of the SacI fragment has two closely spaced PstI sites (see Fig. 1 ). Therefore, we used the 1-kb Fig. 1 and Table 2 .
Characterization of expression offim4 and adjacent genes in E. coli. Since the 5.8-kb HindIlI fragment is long enough to carry at least one more coding region in addition tofimA, and since fimA is situated in the middle of the fragment, we tested for the expression offimA and any other P. gingivalis genes in the transformants by using SDS-PAGE and Western blotting analysis. Initially, expression of the genes under various growth conditions was examined by growing the transformants in M9 medium supplemented with glucose, glycerol, or glycerol plus IPTG. Three major conditions of expression were tested, i.e., orientation (endogenous versus vector promoter) with or without IPTG (induction of lacZ promoter) and glucose (full suppression of vector promoter). Expression in E. coli JM83 and JM109, a strain with a lacIq mutation, carrying pUC191Bg151, pUC19Bg154, and pUC19, was examined under various growth conditions. The results in JM83 and JM109 were essentially the same. The results with JM109 are shown in Fig. 2 The expressed 45-kDa protein, the precursor of the FimA protein, was insoluble in cell extracts, and almost all immunoreactive protein was fractionated to a whole envelope fraction (Fig. 2b) . When theE. coli strains were grown under conditions where the lac promoter was suppressed in the presence of glucose, the cells carrying pUC19Bg151 expressed slightly more immunoreactive 45- (39) , to isolate the protein as well as to identify unknown gene products on the P. gingivalis DNA fragments. The expression system used consisted of two compatible plasmids, pGP1-2 and pT7-5 or pT7-6 (pT7 plasmids are essentially identical except that they contain polycloning sites arranged in opposite orientations). To verify whether the expression system was applicable to P. gingivalis genes, we first cloned the 5.8-kb HindIII fragment from pUC19Bg151 in both orientations into the HindIII of the polycloning site of the pT7-6 plasmid, downstream from the +10 promoter for T7 RNA polymerase. As shown in Fig.   3 and Table 2 , the direction of transcription of fimA was forward with respect to the 410 promoter in clone pT7-6BgO5 and reverse in clone pT7-6BgOl. These recombinant plasmids were transformed into E. coli K38 carrying pGPl-2, a plasmid that provides for expression of phage T7 RNA polymerase. The pGPl-2 plasmid consists of the gene for T7 RNA polymerase under the control of the inducible lambda PL promoter and of the gene for the heat-sensitive lambda repressor, cI857. Clones with both the pT7 recombinant and pGPl-2 were screened on L agar plates in the presence of both ampicillin and kanamycin, which select the recombinant and pGPl-2, respectively. The clones were grown in enriched medium in the presence of the antibiotics, heat induction and the addition of rifampin followed, and then protein patterns in the extracts of these cells were examined by SDS-PAGE and Western blotting analysis. In E. coli K38 carrying pT7-6BgO5 and pGP1-2, a protein with an apparent molecular weight of 63,000 (63-kDa protein) and a 45-kDa protein similar to that expressed with pUC plasmids were induced, judging from the protein pattern of whole-cell extracts of K38 carrying pT7-6BgO1 and pGPl-2. In Western blotting with the antifimbrilin serum, the 45 and that this protein was overproduced as the precursor of fimbrilin. The corresponding, stained band of the induced 45-kDa protein from the clone seemed to be a doublet (see below). As shown previously in expression of the pUC plasmid system, it was confirmed that the fimA gene was expressed as the 45-kDa protein, the precursor form. Moreover, a new protein, the 63-kDa protein, was detected as a gene product from the HindIII fragment. Interestingly, neither of the induced proteins was stained in Western blotting analysis by using an antiserum against whole P. gingivalis cells. Since we easily recognized the induced proteins among numerous stained protein bands of whole-cell extracts in gels, both gene products appeared to be overproduced (data not shown) (see reference 47 and Fig. 4 in reference 50) .
In this context, to determine whether E. coli cells carrying recombinants with fimA could be detected by colony immunoblotting screening, bacterial cells carrying pUC recombinants were grown in the presence or absence of IPTG, and then colony immunoblotting was carried out. None of the cells was detected as a positive colony (data not shown), giving a possible reason why our initial attempts to clone fimA4 by this method were unsuccessful (53). On the other hand, E. coli colonies carrying fimA in the T7 expression system showed clear, positive reactions when the colonies were induced by heat (data not shown).
Localization of the genes on the DNA fragment and localization of their products in E. coli. To identify the region for the 63-kDa protein gene and to ascertain that the 45-kDa protein was a doublet, the 5.8-kb HindIII fragment was VOL. 61, 1993 on August 14, 2017 by guest http://iai.asm.org/ Downloaded from divided into HindIII-PstI and PstI-HindIII fragments, and they were cloned into pT7-6 and pT7-5, respectively, so that the orientation of the inserts was the same as that of pT7-6BgO5. These subclones were designated pT7-6Bg51 and pT7-5Bg52, respectively (Fig. 3) . The 63-kDa protein was detected in the clone carrying pT7-6Bg51 as the sole induced protein, and a similar 45-kDa protein in the clone carrying pT7-5Bg52 was stained again as the sole induced protein. This 45-kDa protein, however, was not immunoreactive to the antifimbrilin serum (data not shown). Neither of the subclones expressed any protein bands reactive with the antiserum, suggesting that both clones were not able to produce any truncated protein of fimbrilin. Hereafter, we will call this new protein 45-k*Da protein. To confirm that the 45-kDa and 45-k*Da proteins were different from each other, first, the 2.5-kb SacI fragment carrying the fimA gene was cloned in both orientations into pT7-5, and second, a 4.4-kb PstI-BamHI fragment, an extended, longer DNA fragment toward the C terminus from the above PstI-HindIII fragment encoding the 45-k*Da protein, was cloned into pT7-6 and pT7-5 plasmids. The clone carrying pT7-5Bg71 (forward; Fig. 3 and Table 2 ), but not the clone carrying pT7-5Bg72 (reverse), produced the immunoreactive, 45-kDa protein as a heavy, thick band as expected. The clone carrying pT7-6Bgl3 (forward), but not the clone carrying pT7-5Bgl2 (reverse), expressed a 50-kDa protein instead of the 45-k*Da protein. Therefore, the regions of two new structural genes encoding the 63-kDa and 45-k*Da proteins were identified as being upstream and downstream from fimA, respectively. The direction of transcription of both genes was the same as that offimA. To confirm these results, shown in Fig. 3 and Table 2 , additional recombinants were constructed to identify gene products and to localize genes on the 10.4-kb PstI fragment. Taken together, the 45-k*Da protein was determined to be a truncated 50-kDa protein, and another 80-kDa protein was discovered as a gene product of the region further downstream in the clone carrying pT7-6Bg82 (data not shown).
When E. coli cells carrying pT7 recombinants were grown and induced, the induced, overproduced proteins were insoluble in the extracts. Almost all of them were localized in the whole envelope fraction, representing about 40% of the total membrane protein in the case of the clone with pT7-6BgO5, producing the 63-kDa, 45-kDa (the precursor of fimbrilin), and 45-k*Da proteins. The recombinants varied in the amount of induced proteins. It is not clear whether these gene products were located in the membranes or in inclusion bodies as an insoluble form in cytoplasm.
Purification of gene products, amino-terminal amino acid sequencing, and rabbit antisera. The gene products in the membrane fraction were solubilized with a harsh detergent such as SDS but not with a mild detergent, Triton X-100. The 63-kDa, 45-k*Da, and 80-kDa proteins were purified from clones with pT7-6Bg51, pT7-5Bg27, and pT7-6Bg82, respectively, and antibodies against them were raised in rabbits as described in Materials and Methods. Because none of the clones expressing only this fully synthesized 50-kDa protein was available and to avoid potential contamination by other gene products, the 45-k*Da protein from the clone carrying pT7-5Bg52 instead of the 50-kDa protein from the clone carrying pT7-6Bgl3 was purified. The purified proteins are shown in Fig. 4 (6) .
Therefore, the fimbrilin message would be produced in E.
coli, but translation would be inefficient. The T7 system could simply produce so much message that even inefficient translation is enough. This notion seems to be justified because in the T7 RNA polymerase-promoter system, T7
RNA polymerase synthesizes RNA efficiently from a strong, unique T7 RNA promoter by a rapid and progressive mechanism (39) . In fact, it is known that in vitro, transcription by T7 RNA polymerase from a T7 promoter on a plasmid results in transcripts several times the plasmid length (20) . A recent report (43) showed that thefimA gene was expressed in an expression vector, pETllb, although the expressed protein, 42-kDa protein, seems to be devoid of the leader peptide because it has the same molecular weight as mature fimbrilin. As mentioned above, our data for both pUC and T7 plasmids always suggested that the fimA gene was expressed as the 45-kDa precursor protein, which is slightly larger than fimbrilin (43 kDa in our case).
Thirteen recombinants were constructed in the T7 RNA polymerase-promoter system, and 63-, 45-, 50-, and 80-kDa proteins from upstream to downstream were shown to be overexpressed in this system. The 50-and 80-kDa proteins were identified as minor components associated with fimbriae. If these proteins are involved in adhesion, then antibodies directed to them might block binding. To obtain information on the function of these proteins, sequencing of all the genes is also in progress.
Preliminary DNA sequencing of the region downstream from fimA revealed that there were indeed open reading frames for the gene products, showing that the nucleotide sequences are in agreement with the data of amino-terminal amino acid sequences of the 50-and 80-kDa proteins and that there is another open reading frame for a 20-kDa protein between fimA and the gene encoding the 50-kDa protein (43a) .
Immunoelectron microscopic observations of pure fimbriae and whole cells with the antisera against the 80-kDa VOL. 61, 1993 on August 14, 2017 by guest http://iai.asm.org/ Downloaded from and 45-k*Da proteins showed dispersed immunogold particles, indicating a pattern quite different from that obtained with the antifimbrial serum; to date, we have not observed any result that would strongly indicate the association of these proteins to fimbriae. This type of experiment seems to be technically difficult presumably because the fimbriae are thin and single stranded (1) . However, the fact that proteins immunoreactive to the antisera were not detected in wholecell extract from P. gingivalis reinforced the idea that these proteins are not contaminants from cells but are minor components associated with fimbriae. We are trying to prove it by a genetic approach.
